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An analysis to determine physical and spatial patterns of the surface latent heat 
flux (LHF) and near surface (5m) salinity (NSS) beneath tropical cyclones (TCs) in the 
North Atlantic and eastern North Pacific basins during the first 24 hours of rapid 
intensification (RI) was conducted using empirical orthogonal function (EOF) analysis. 
To determine if these patterns were unique to RI, TC RI cases were compared to three 
non-RI intensification thresholds, 10 kt, 15 kt and 20 kt, for both LHF and NSS. Though 
similarities exist between non-RI and RI cases physical and spatial patterns unique to the 
RI cases did exist. Sea surface temperatures associated with statistically identified TC 
groups were assessed for their potential influence on RI. While inconclusive in the 
eastern North Pacific, NSS in the Atlantic may play a role for RI TCs in areas affected by 
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Tropical cyclones (TCs) are one of nature’s more powerful phenomena, boasting 
wind speeds that are rivaled only by tornadoes.  While tornadoes are short-lived 
microscale systems, TCs can stretch hundreds of kilometers in diameter and persist for 
weeks at a time. Because of the size of the areas affected by hurricanes, as well as their 
destructive nature, it is imperative to develop a thorough physical understanding of these 
systems to ensure forecasts are as accurate as possible.  
Accurate forecasting in the tropics can prove difficult for many reasons. For 
example, the lack of a dense land-based observation network limits the availability of 
real-time measurements which can provide useful forecasting information.  This is 
compounded by the fact that TCs often spend most their lifecycle over open ocean where 
in situ observations are sparse. Unless a storm intercepts something on the open ocean, 
like a ship, information pertinent to forecasting or modelling the TC cannot be observed. 
Ships and buoy arrays can provide observations at sea, but these measurements are 
limited by a scarcity of buoys in the open ocean, as well as an understandable 
unwillingness of ships to enter dangerous situations at sea to take measurements. Buoy 
networks are primarily situated near populated coastlines to provide information on the 
local environment and weather systems that may have an immediate effect on the local 
population. Some open ocean buoys do exist and provide valuable TC data if they are 
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impacted by an event. An example of an open ocean buoy network is the Tropical 
Atmosphere Ocean array, also known as TAO/TRITON. The array monitors ocean 
surface and sub-surface characteristics that may be important to TC intensification, but 
the array is clustered near the equator, reducing the chances of directly measuring a TC 
(Boutin et al. 2016). 
The most common direct measurements of TCs come from aerial reconnaissance. 
Aircraft possess the capability to measure conditions in a TC far from any permanent 
observation network. Instruments onboard the aircraft provide frequent remote and in situ 
measurements. However, aerial reconnaissance does possess limitations on providing 
continuous data within the system. Measurements are limited to those times when an 
aircraft is present in the storm. Unfortunately, there is currently no viable option to keep 
aircraft within a storm for its entire lifecycle. 
The TC lifecycle begins when a disturbance undergoes cyclogenesis. One of the 
most popular early theories of cyclogenesis, Convective Instability of the Second Kind 
(CISK), was developed by Jule Charney (Charney and Eliassen 1964). This theory 
claimed latent heat release, or the release of heat when water vapor condenses, was the 
primary fuel for convection in a developing TC. In the 1980s, a Carnot engine-based 
theory for genesis was introduced, the Wind Induced Surface Heat Exchange (WISHE) 
model (Emanuel 1986). This model emphasized the role of low-level winds feeding latent 
heat into the storm (Emanuel 1986, 2003). Unlike CISK, WISHE incorporated the need 
for a warm ocean surface as the source for latent heat.   
A TC typically needs six ingredients to form: sea surface temperatures (SSTs) 
above 26° C, low vertical wind shear, low stability throughout the atmosphere, ample 
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low- to mid-level moisture, a pre-existing disturbance, and sufficient Coriolis (Gray 
1968). Though it is possible for cyclogenesis to occur in the absence of one or more 
ingredients, more favorable conditions of the atmosphere and ocean lead to higher 
probabilities of TC formation (Emanuel 2003).  
Each ingredient plays a specific role in genesis. Warmer SSTs more readily 
evaporate, thus providing the necessary latent heat flux to drive the developing system. 
The energy required for water to evaporate is later released when condensation occurs in 
the deep convection of the inner core.  This heat release warms the atmosphere within the 
eye, enhancing the warm core of the storm, increasing divergence aloft which must be 
compensated by increased wind speeds at the surface due to low-level convergence 
(Charney 1973). 
Low vertical wind shear and atmospheric instability play an important role in the 
development and maintenance of the TC (Kepert 2010). If the mid troposphere lacks 
sufficient moisture, entrainment of dry air will occur, reducing the likelihood of 
intensification by eroding the convection necessary to maintain the TC’s intensity. 
Conversely, ample moisture sustains and may strengthen convection.  At least 5° 
displacement from the equator is the commonly accepted threshold of Coriolis for the 
system to develop due to increasing planetary vorticity with latitude (Gray 1968). 
Even if every other ingredient exists in a given location, cyclogenesis cannot 
occur without a pre-existing disturbance. Many disturbances begin as anomalies on the 
mean wind field that interact with a favorable environment. These anomalies, known as 
waves, propagate dominantly eastward or westward within the tropics and can provide 
the necessary low-level vorticity to begin cyclogenesis (Maloney and Hartmann 2000a,b). 
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In the North Atlantic, waves associated with TC genesis often take the form of an African 
easterly wave (AEW) that propagates westward across the Atlantic Ocean during the west 
African monsoon (Hopsch et al. 2010). African easterly waves can also induce 
cyclogenesis in the eastern North Pacific if they fail to develop in the North Atlantic 
(Zehnder et al. 1999) .    
The structure of the ocean below the storm can be an important contributor to TC 
intensification. At the air-sea interface, latent heat flux from the ocean surface provides 
energy to the storm. Upwelling caused by the TC wind field brings deeper water to the 
surface, and the temperature of upwelled water affects latent heat flux and thus the 
amount of energy available for the storm to use. Thus, TCs can be influenced by the 
vertical structure of the ocean.  
Typically, ocean profiles consist of relatively saline water. However, barrier 
layers, which are layers of warm fresh water above cooler, saltier water, may inhibit 
upwelling and the associated reduction in latent heat flux (Balaguru et al. 2012). These 
layers of fresh water evaporates more readily than salty water at the same temperature, 
thus enhancing latent heat flux into the system (Balaguru et al. 2012). Tropical cyclones 
that move over well mixed oceans, such as areas of the ocean without a barrier layer, 
have been observed to upwell colder water as they pass over, creating pools of cold water 
known as cold wakes.(Price 1981). These cold wakes are caused by winds mixing the 
upper part of the ocean and evaporation cooling the atmosphere-ocean interface. Cold 
wakes influence the amount of energy available for the TC if the vertical thermal gradient 
below the surface is strong (Price 1981). A strong vertical thermal gradient will have 
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cooler waters closer to the surface, resulting in easier upward mixing of those cool waters 
by the TC wind field.  
Ocean composition may also be an important factor in upwelling processes and 
the production of cold wakes (Balaguru et al. 2012). Since salty water is denser than fresh 
water, freshwater discharge from rivers tends to float on top of the more saline ocean. For 
example, the Amazon-Orinoco river plume is an area of fresh water created by the 
discharge of the Amazon and Orinoco rivers in South America. This tongue of fresh 
water extends into the Caribbean Sea during the North Atlantic hurricane season (June 1 
to November 30). The plume is defined by noticeably warmer, less saline, and thus less 
dense water than the surrounding ocean, and it reaches its most easterly extent during late 
August and early September, the peak of the North Atlantic hurricane season. The area 
affected by the plume during the hurricane season extends as far north as 22°N, as far 
west as 77°W, and as far east as 34°W, and can have a strong effect on the intensification 
of TCs (Ffield 2007).  
Ocean-air fluxes and air-sea interactions, including sea spray, may play an 
important role in the development of updrafts in the eyewall of the TC, which assist the 
development of a stronger pressure gradient and result in higher sustained wind speeds 
(Koweleski and Evans 2015). In a TC, the strongest winds are found at the surface, which 
decrease with height because of its warm core. This warm core structure can be 







where 𝜉 = 2𝑣/𝑟 + 𝑓. In a warm core system, the partial differential term on the right side 
will be negative due to decreasing temperatures with increasing distance from the center. 
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This produces a net positive sign on the right-hand side of the equation. To balance the 
equation, the partial differential on the left-hand side must also be positive, meaning that 
the azimuthal wind, 𝑣, must decrease with height (Kepert 2010).  
           Tropical cyclones typically become more axisymmetric as they intensify, causing 
the warm core to deepen and convection to wrap around the eye (Kepert 2010) though 
increasing the intensity of the system may cause changes in the environment, such as cold 
wakes, that have negative impact on the system. One of these drawbacks to strengthening 
involves the relationship between surface winds and the ocean. In accordance with the 
WISHE theory for intensification, increasing wind speeds over the ocean will increase 
positive latent heat flux from the ocean surface to the atmosphere, making more energy 
available for the storm. However, interactions with the ocean can also induce mixing and 
upwelling, thus decreasing sea surface temperatures and potentially hindering 
intensification (e.g. Chang and Anthes 1979; Cione and Uhlhorn 2003; Schade and 
Emanuel 1999). Contradicting factors, such as an increase in latent heat exchange at the 
ocean boundary due to increased surface winds, but increased mixing of the upper ocean 
leading to possible upwelling, highlight the need to examine dynamic and 
thermodynamic processes at the air-sea interface. 
Despite the aforementioned knowledge of which environmental factors support 
cyclogenesis and intensification, predicting intensity changes in TCs remains a difficult 
task. Over the past few decades, forecasting storm motion has improved by over 40% 
(Elsberry 2005) due to advancements in coarse domain modelling that better represent 
large scale phenomena. During that same period, advancements in intensification 
forecasting have been minimal (Marks et al. 1998; Pasch 2011), though in recent years a 
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slight, statistically significant improvement has been noted (DeMaria et al. 2014; 
Emanuel et al. 2016). This is most likely due to storm motion depending on large-scale 
kinematic features while storm intensification relies on both thermodynamic and dynamic 
processes ranging from microscale to near synoptic scale in size (Emanuel 2003). 
Environments that contain all six ingredients necessary for cyclogenesis also tend 
to allow for intensification. It is possible that if all the ingredients are conducive to 
intensification, rapid intensification (RI) may occur. During RI, sustained 1-minute 10-
meter wind speeds increase at least 30 kt in a 24-hour period. This marks the 95th 
percentile of all 24-hour intensity changes of North Atlantic TCs (Kaplan and DeMaria 
2003). However, it is difficult to determine what ingredients or which combination of 
ingredients are most important to RI. Thermodynamic and ocean processes beneath the 
inner core of the TC, such as those outlined earlier, may play a major role in RI (e.g., 
Emanuel 1999).  
The Kaplan and DeMaria (2003) study of RI was limited to North Atlantic TC 
data, and numerous studies have examined RI in this basin. However, studies on RI 
encompassing multiple basins are rare. Most RI research focuses on individual TCs or 
multiple TCs within a single basin (e.g. Chen et al. 2007; Chen et al. 2011; Shen et al. 
2010). Kaplan and DeMaria (2003) produced an abbreviated North Atlantic RI 
climatology with only twelve years of data that compared all intensity changes to 
determine the threshold for RI in the North Atlantic basin. An updated version of Kaplan 
and DeMaria’s (2003) RI study, which does encompass the eastern North Pacific Ocean, 
provides a threshold for a basin other than North Atlantic (Kaplan et al. 2010). Kaplan et. 
al (2010) determined that the 30-kt threshold used for the definition of RI in the North 
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Atlantic basin does not encompass the 95th percentile in the eastern North Pacific. 
However, because studies on the nature of RI have possible uses in operational 
meteorology, the definition of RI from Kaplan and DeMaria (2003), which is used by 
operational meteorologists regardless of the basin, will be used for this study. 
The North Atlantic and eastern North Pacific basins have several readily apparent 
differences. The salinity distribution for the North Atlantic, with more saline waters at 
higher latitudes and less saline waters spreading east from equatorial South America, can 
be explained by two ocean phenomena: an ocean circulation present in the North Atlantic 
known as the North Atlantic subtropical gyre (Laurian et al. 2009) and the eastern tongue 
of the previously mentioned Amazon Orinoco River plume (Ffield 2007). The high 
salinity values begin as a “salt river” that propagates south during summer months and 
then is advected west when it interacts with the gyre (Qu et al. 2011). The eastern North 
Pacific, which has lower salinity values than the North Atlantic, possesses a similar 
process for its low salinity values. The cause of these fresher waters is trade winds 
moving the water away from the coasts as well as the presence of the North Pacific 
subtropical gyre  (Talley 1985).  
Subtropical gyres also account for the different SST distributions between the 
North Atlantic and eastern North Pacific. While both basins contain warm equatorial 
SSTs, a sharp north-south temperature gradient exists in the eastern North Pacific with 
average SSTs dipping below 26°C as low as 20°N latitude. Conversely, the North 
Atlantic has an increase in SSTs due to its subtropical gyre. Equatorial waters are 
warmed as they move westward toward North America, providing warm water to areas 
along the eastern coast of the United States. 
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In the North Atlantic, storms that form off the coast of Africa tend to move 
westward through warm less saline waters, then northward as they approach the 
continent. In the eastern North Pacific, storms are largely confined to areas south of the 
noted temperature gradient because conditions for intensification become marginal north 
of 20°N.  
The objective of this study is three-fold. First, EOF analysis will be used to 
examine latent heat flux and near surface salinity associated with RI TCs in the North 
Atlantic and eastern North Pacific basin from 1982 – 2015 to determine if any physical 
and spatial patterns exist during the intitial 24-hour period the storm undergoes RI. 
Second, storms undergoing RI will be compared to storms intensifying at a rate below the 
RI threshold over a 24-hour period to determine if these spatial patterns are common to 
all intensifying storms or just storms undergoing RI. Finally, composites of SSTs for RI 
TCs will be analyzed for objective groupings to see if latent heat flux or near surface 
salinity have an effect on necessary SSTs for RI. Much research has been done on the 
effects of SSTs on intensification. It is widely agreed that warmer SSTs lead to 
intensification and to a higher probability of RI (e.g., Kaplan and DeMaria 2003; 
Emanuel 1999; Cione and Uhlhorn 2003). It is a hope that this study will show that 
though high SSTs are crucial for a TC to undergo RI, a less studied ocean characteristic, 





DATA AND METHODS 
In situ observations are an important component of measuring current conditions 
within phenomena like TCs. However, these observations of TCs are not routinely 
available in the tropics due to the vast expanse of water. Studies using in situ 
observations are limited mainly to aircraft reconnaissance with occasional buoy or ship 
data depending on the storm track (Balaguru et al. 2012) . Though satellites can monitor 
TCs more frequently, the measurements are indirect and data frequency can be affected 
by the satellite’s orbit and how often it observes a location. Thus, observation-only 
datasets applicable to TC research are relatively limited.  
Reanalysis datasets combine in situ and remotely sensed observations with a 
numerical weather prediction (NWP) model to produce a consistent depiction of the 
atmosphere in space and time (e.g., Saha et al. 2010). A given reanalysis is generated by 
selecting a version of a forecast model, holding that version constant for the entire 
duration of the reanalysis, and using all available observations within a brief window of 
each synoptic time. These observations, which may not be available in real time, are 
quality checked prior to inclusion, ideally improving the representation of the current 
state of the atmosphere in the reanalysis compared to operational NWP models. 
In this study, oceanic variables of latent heat flux (LHF), 5-m or near surface 
salinity (NSS), and skin temperature as an estimate of SST are obtained from the 
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National Center for Environmental Prediction (NCEP) Climate Forecast System 
Reanalysis (CFSR; Saha et al. 2010) hosted by the Research Data Archive at the 
University Corporation for Atmospheric Research (UCAR; http://rda.ucar.edu). The 6-
hourly CFSR assimilates satellite and in situ observations into a coupled ocean-land-
atmosphere model known as the Climate Forecast System (CFS) model. The original 
period generated by the CFSR covered 1979-2010, and it has been in operational real 
time use since 2011. 
The CFSR included a vortex relocation scheme to improve its representation of 
TCs. However, this scheme occasionally misrepresented the atmospheric environment 
within 500-1000 km of the TC center, mainly in the mid to upper levels (Wood and 
Ritchie 2014). This known error should not pose an issue with the variables analyzed in 
this study because the separate ocean and atmospheric models interact through a coupler 
which passes only necessary variables between the two models. Data produced from the 
ocean is handled by the ocean model, Modular Ocean Model 4 (MOM4), while 
atmospheric variables are handled by the atmospheric model, NCEP’s Global Forecasting 
System (GFS) model (Saha et al. 2010).  
The LHF and NSS fields for RI are available for the entire study period of 1982-
2015, while non-RI is limited to 1982-2010. The reason for using slightly different 
datasets for RI and non-RI cases is the to provide a robust data set of each. Non-RI cases 
are limited strictly to the CFSR dataset, a reanalysis, while RI cases have been extended 
to the real-time CFS data set as well. The fields used for the study are not analysis fields, 
but are averaged values of the 0-1 forecast period valid at each synoptic time. The skin 
temperature (SST) field is available as an analysis at synoptic times but only during the 
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original CFSR period of 1979-2010, thus CFSR SSTs are only examined for cases during 
1982-2010. Latent heat flux is provided at a nominal spatial resolution of 0.3° for the 
period 1979-2010 and 0.2° from 2011 to present. The NSS fields are available at 0.5° 
resolution, as is mean sea level pressure (MSLP), which is used to determine the gridded 
vortex center at each synoptic time. To ensure the vortex center location matches the 
LHF and SST grids, MSLP is cubically interpolated to the resolution of the flux grids. In 
addition, LHF and skin temperature are available over land and ocean. The CFSR land 
mask is applied to ensure only ocean values are included in the analysis. All datasets used 
for the study are listed in Table 2.1 along with their spatial resolution and the variables 
used in this study. 
Storms are chosen using the Atlantic Oceanographic and Meteorological 
Laboratory (AOML) Hurricane Research Division’s (HRD) Hurricane Dataset 
(HURDAT2; http://www.nhc.noaa.gov/data/#hurdat). HURDAT2 is a reanalysis dataset 
which includes six-hourly storm center location, maximum sustained winds, and 
minimum surface pressure during the lifecycle of the TC. Because HURDAT2 is a 
reanalysis dataset, it is not released in real time. Observations that may not be available 




Table 2.1 Data sets and variables used in this study 
Data Set Time Period Used Spatial Resolution Variables 
HURDAT2 1982-2015 
 




CFSR 1982-2010 Between 0.3° and 0.5° Skin Temperature, 
LHF, NSS, MSLP 
CFS v2 2011-2015 Between 0.2° and 0.5° Same as CFSR 
except skin temp 
Ships 1982-2015 Storm centered point Distance from land 
Data sets used for the study with their corresponding timeperiod, resolution and variables 
 
The compiled TC dataset for this study focuses on the onset of the first instance of 
RI for a given TC and the subsequent 24 hours. During this period, the storm intensity 
must not only increase by the minimum RI requirements of 30 kt in 24 hours, but the 
period must contain no 6-hour period of weakening and result in the storm being at least a 
category 1 TC (≥ 64 kt) at the end of the 24 hours. Thus, this study highlights the 
dominant patterns associated with the first time a TC undergoes RI, as multiple RI events 
can occur for a given TC. Using these constraints, 135 North Atlantic and 219 eastern 
North Pacific TCs are initially considered for the study. This dataset is reduced by 
excluding times during which the TC moved within 250 km of land according to the 
Statistical Hurricane Intensity Prediction Scheme (SHIPS) distance from land parameter 
(DeMaria and Kaplan 1994). The SHIPS data are available from 1982 to the present, 
providing the temporal threshold for the beginning of the study. Table 2.2 shows the 
number of cases used for each intensification dataset once TCs distance from land has 




Table 2.2 Storm cases used for each basin and intensification rate 
Intensification-Basin Time+00 Time+06 Time+12 Time+18 Time+24 
RI-ATL 91 98 94 92 93 
RI-ENP 195 192 191 191 188 
10kt-ATL 39 40 38 39 38 
10kt-ENP 51 50 49 50 50 
15kt-ATL 40 39 40 37 40 
15kt-ENP 58 58 59 56 53 
20kt-ATL 52 55 52 53 51 
20kt-ENP 97 96 97 93 89 
The number of storms, >250km from land, that meet the criteria for each basin and 
intensification rate. Storm numbers remain the same regardless of field used.  
Due to the large sample size in each basin, empirical orthogonal function (EOF) 
analysis is applied to identify the most common spatial patterns of variables such as NSS 
and LHF. This objective method detects spatial patterns by finding the covariance matrix 
of input data and computing its eigenvectors (NCAR Research Staff 2013). The 
covariance matrix is computed on anomalies calculated by subtracting the mean of the 
input data from each individual field, thus all EOFs should be interpreted within the 
context of this mean. The resulting independent EOFs are ranked by the amount of 
variance each EOF pattern explains. For atmospheric fields, the first few EOFs tend to 
explain most of the variance within the input dataset (Rayner 1997). Whether the 
individual EOFs are significantly different from one another is assessed using the North 
test (North et al. 1982). Statistically significant EOFs are then evaluated for physical 
significance to RI, as EOF analysis is a purely statistical technique.  
All CFSR fields are available on constant latitude-longitude grids, thus the 
distance between points changes depending on location. In this analysis, each variable is 
interpolated onto an equidistant grid centered on the minimum CFSR MSLP prior to 
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performing EOF analysis. This enables the same area to be compared from TC to TC 
regardless of their location. To create the equidistant grids, the Haversine formula is used 
to determine the distance between specific latitudes and longitudes. This formula is given 
by 
 𝑑 = 2𝑟 ∗ 𝑎𝑟𝑐𝑠𝑖𝑛 (√𝑠𝑖𝑛2 (𝜑2−𝜑1
2




where d is the distance between two points on a sphere, r is the average radius of the 
earth (6371 km), and 𝜑 and 𝜆 are latitude and longitude in radians, respectively. The 
Haversine equation as constructed in (2.1) is adept at determining the distance between 
two points, but to determine latitude and longitude at a given distance, the Haversine 
formula must be inverted (Sinnott 1984) . However, since points must be found using 
adjacent known points, it is easiest to hold latitude constant when solving for longitude, 
and vice versa.   Solving (2.1) twice, once for  𝜑2, then again for  𝜆2 will yield  
 𝜑2 =  
𝑑
𝑟
 + 𝜑1, (2.2) 
for latitude, and 






) + 𝜆1, (2.3) 
for longitude, allowing for the construction of equidistant grid. For this study, the latitude 
and longitude of the local minimum surface pressure from CFSR will be the initial 𝜑1 
and 𝜆1, respectively, acting as the grid’s center point. All other points will be solved 
using equations 2.2 and 2.3. 
A distance grid is created for each 6-hour synoptic time during the 24-hour RI 
period. Each field is then interpolated to the distance grid to provide a grid values every 
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25 km for the entire 1000 km by 1000 km domain.  The EOFs computed from the set of 
these interpolated grids are evaluated for the amount of variance each one explains and 
their statistical significance based on the North test (North et al. 1982).  
To assess physical characteristics associated with each EOF, subsets of TCs are 
selected by their normalized principal component (PC) values, producing two PC sets per 
EOF. The positive group is comprised of cases with PC values greater than 0.5 (hereafter 
PC+), and the negative group is comprised of cases with PC values less than -0.5 
(hereafter PC-).  The PC+ and PC- fields are compared to the EOF pattern by adding the 
EOF anomaly to the composite field for all cases (for PC+) or subtracting the EOF 
anomaly from the composite field (for PC-). Because the original input anomalies are 
computed from the composite field, this approach highlights the representativeness of 
individual cases, as grouped by PC value, for each EOF. Best track locations are plotted 
for all PC+ and PC- cases for each time-period to determine if any spatial clusters exist 









3.1 Climatological Overview of Basins of Interest 
It is important first to have an understanding of climatological conditions of the 
basins that will be studied, including similarities and differences of NSS and SST 
between the basins and how that might affect TCs. There is stark contrast in salinity 
between the North Atlantic and eastern North Pacific basins (Figure 3.1a). Higher NSS 
values in the North Atlantic basin are a direct cause of subtropical gyres moving more 
saline water after sea ice formation during the northern hemisphere winter. These gyres 
keep the northern part of the basin relatively salty when compared to the southernmost 
portions of the North Atlantic (Figure 3.1a). Salinity in the tropical Atlantic benefits from 
the plume produced by the Amazon river, which drifts north and east during the summer 
months, creating a layer of fresher and less dense water on top of the more saline ocean 
water. In the eastern North Pacific, gyres and wind keep salinity values low in the tropics.  
Sea surface temperatures in the eastern North Pacific have a sharp gradient as 
distance from the equator increases (Figure 3.1b). Starting around 20°N, SSTs become 
less conducive to TC development and maintenance, preventing development and 
intensification. Figure 3.1c illustrates the effects of the temperature gradient in the eastern 
North Pacific on TC tracks. Tropical cyclones rarely propagate past 20°N. The 
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temperature gradient in the North Atlantic is much weaker due to the cycling of warm 
tropical water up the east coast by the Gulf Stream and other warm currents. 
 
Figure 3.1 Average Near Surface Salinity, Sea Surface Temperature, and historic TC 
Tracks 
Average September 1981-2010 for (a) CFSR 5-m (near surface) salinity and (b) NOAA 
Optimum interpolation SST (available at ftp://ftp.cdc.noaa.gov/Datasets/noaa.oisst.v2/). 
All North Atlantic (black) and eastern North Pacific (gray) TC tracks from HURDAT2 
from 1982-2010. 
 
3.2 Latent Heat flux during Intensification 
Empirical orthogonal function analysis was performed to determine spatial 
characteristics common among intensifying TCs. Rapid intensification was first studied 
to determine if any common patterns exist in surface LHF during the 24-hour period of 
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initial RI. To determine if there is any physical importance to the patterns, storms 
undergoing RI are visually compared to the surface latent heat flux for storms 
intensifying at a lesser rate to determine if patterns for each intensification rate are 
similar.  
In all RI periods, only the first EOF was statistically significantly different 
(Figure 3.2). Around 40% of variance explained could be attributed to EOF1 during each 
time-step of RI (Figure 3.2). The remaining variance explained is distributed between the 
remaining EOFs, though no other EOF in the dataset met the criteria for significance. To 
determine if any recognizable pattern existed at each time-step, the anomalies of the 
significant EOFs were added to the mean of all contributing TCs and plotted on an 
equidistant grid to reduce any error that could be caused by the few “high latitude” TCs 
in the dataset.  
 
Figure 3.2 North test for surface latent heat flux in North Atlantic basin 
North test results showing statistically significant EOFs for the North Atlantic basin, and 




Figure 3.3 Surface latent heat flux for rapidly intensifying TCs in the North Atlantic 
basin 
Combined EOF anomalies and composite of surface latent heat flux for rapidly 
intensifying North Atlantic TCs over the initial 24-hour RI period. 
 
The resulting LHF pattern resembles the inner core of a TC (Figure 3.3). The 
presence of a centered eye surrounded by large latent heat flux values makes physical 
sense. In a TC, the strongest convection is located within the eyewall surrounding the 
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eye. The strongest updrafts as well as the greatest amount of heat flux occur in this area, 
so it is not surprising that the EOF explaining the most variance for LHF displays a 
similar pattern to what one could expect to find in nature.  
It is also important to look at the evolution of the LHF from the initiation of RI 
(Figure 3.3, a) until the conclusion of the 24-hour period of study (Figure 3.3e).  The area 
of maximum LHF, which is initially only located to the northeast of the eye, nearly 
surrounds the eye by the end of RI. This axisymmetry should occur by conclusion of the 
RI period (RI24) because every storm considered for the dataset underwent RI. However, 
axisymmetry and strong LHF values are not strictly confined to storms that undergo RI. It 
is important to assess any differences or similarities that may be present in 24-hour 
periods where a storm intensified but did not meet the criteria for RI.  
Three 24-hour intensification rates below the RI threshold were considered for 
this study, 10 kt (I10), 15 kt (I15), and 20 kt (I20). Again, RI the North test was used to 
determine statistical significance of each EOF for all three intensification rates. As with 
RI, only the first EOF was significant (Figure 3.4).  The similarities between the datasets 
do not end there. Variance explained by the first EOF was nearly 40%, as was true for RI 
cases, with the majority of the remaining variance explained belonging to the next three 




Figure 3.4 North test for non-RI storms in the North Atlantic basin 
Same as Figure 3.2, but for non-RI storms. 24-hour intensifications of 10kt (a), 15kt (b), 
and 20kt (c) are represented. 
 
There are physical similarities between all four intensification rate groups. Like 
the RI cases, I10 (Figure 3.5), I15 (Figure 3.6), and I20 (Figure 3.7) each produce a result 
that resembles what would be expected for an intensifying TC with the highest LHF 
values surrounding a region of relatively low LHF values. However, there are a few 
notable differences between the datasets. I10 cases evolved in a similar fashion to the RI 
cases (Figures 3.5 and 3.4, respectively). The initial location of maximum LHF was 
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located northeast of the storm in both the RI and I10 cases (Figure 3.3a and 3.5a). The 
LHF eventually wrapped around the inner core of the storm by the end of the RI period 
(Figures 3.3e and 3.5e), resulting in a near axisymmetric look for both intensification 
rates.  
 
Figure 3.5 Surface latent heat flux for 10kt intensification in the North Atlantic basin 
Same as 3.3, but for a 24-hour period of 10kt intensification. 
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The other two intensification groups appear similar to each other (Figure 3.6 and 
3.7). The most glaring difference between RI, I15, and I20 cases is the size of the area of 
enhanced LHF. For the RI cases, LHF was organized in a band surrounding the eye. For 
the I15 cases, the LHF maxima appear to not only occupy the inner core but expand 
outward to encompass the much of the domain by the end of intensification (Figure 3.6e). 
The location of the maximum LHF values during the 15-kt intensification period also 
differ from what is observed in the RI period. Instead of wrapping around the center, 
areas of high LHF remain largely confined to the northern half of the domain. This 
appears to be the case for the I20 cases as well. Areas of high LHF are located in the 
northern half of the domain throughout the intensification period. Whereas high LHF 
expanded over time for I15, high LHF values appear to remain compact throughout the 





Figure 3.6 Surface Latent Heat Flux for 15kt intensification in the North Atlantic 
basin 




Figure 3.7 Surface Latent Heat Flux for 20kt intensification in the North Atlantic 
basin 




 It is not only important to examine how LHF changes over time but also to assess 
the locations of the storms that contribute to the LHF pattern at any given time. It is also 
necessary to compare each dataset to determine if any geographic patterns exist along 
with the physical pattern already mention. Locations were analyzed at three different 
times during the intensification period: the beginning, the middle (12 hours), and the end 
(24 hours). Each time is independent of the previous one, meaning that a case in the first 
geographic analysis may not be in the others. Each intensification dataset used storms 
that contributed to the LHF patterns previously discussed. 
  
Figure 3.8 Locations of best LHF storms at initiation of intensification 
The locations of storms with the best physical representation of LHF at the initiation of 




Most of the storms for each intensification group were located northeast of 
Hispaniola throughout the intensification period (Figures 3.8, 3.9, and 3.10) with few 
reaching east of 40°W or north of 30°N. Storms typically began the intensification period 
below category 1 strength, though a few storms in each set began intensification with 
sustained wind speeds at or above category 1.  
  
 
Figure 3.9 Location of best LHF storms 12 hours into intensification 
Same as 3.8, but 12 hours into intensification. 
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Storms in the non-RI intensification datasets appear to be more spread out through 
the intensification period (Figure 3.8-3.10, b-d). Rapidly intensifying TCs remained 
relatively close to Hispaniola throughout the intensification process. Storms in the other 
intensification groups did not mirror RI TCs, and were widely distributed throughout the 
basin, though each set did seem to have at least a small cluster of storms to the northeast 
of Hispaniola (Figure 3.10). This seems to hint at the possibility that storms that undergo 
RI with a similar LHF pattern may tend to favor northeast of Hispaniola. Climatological 
SSTs in the region suggest that RI can be supported northeast of Hispaniola throughout 
the North Atlantic Hurricane season (Figure 3.1b-c).  
 
Figure 3.10 Location of best LHF storms after 24 hours of intensification. 
Same as 3.8, but at the resolution of the intensification period. 
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 It is important to see if the features discussed previously in this section are 
completely unique to the North Atlantic basin, or if they occur in other basins around the 
world. To enable this comparison, TCs from the Eastern North Pacific basin were 
analyzed using EOF analysis on LHF during RI and the three other aforementioned 
intensification ranges. 
 
Figure 3.11 North test for surface latent heat flux in Eastern North Pacific basin for 
storms undergoing RI 
North test results showing statistically significant EOFs for the Eastern North Pacific 
basin, and their variance explained. 
 As in the North Atlantic, the first EOF in the eastern North Pacific was significant 
using the North test, also explaining nearly 40% of the variance for each time step during 
the 24-hour intensification period. Again, the remaining variance was largely explained 




Figure 3.12 Surface latent heat flux for rapidly intensifying TCs in the Eastern North 
Pacific basin 
Same as 3.3, but for the Eastern North Pacific basin. 
 
The first EOF for eastern North Pacific LHF resembles the LHF pattern for 
storms undergoing RI in the North Atlantic. The main noticeable difference between the 
two basins is the maximum LHF values in the eastern North Pacific EOF appear to be 
located east of the eye throughout the RI period rather than to the north-northeast as seen 




Figure 3.13 North test for non-RI storms in the Eastern North Pacific basin 
Same as 3.4, but for the Eastern North Pacific basin. 
 
The North test for the non-RI groups in the eastern North Pacific are like those for 
the North Atlantic (Figures 3.2 and 3.4) as well as the RI group in the eastern North 
Pacific (Figure 3.11). Once again a single EOF is significant, again with roughly 40% of 
the variance explained.   
The LHF pattern presented by the non-RI intensification cases is weaker in 
appearance than the comparative RI dataset. For the I10 and I15 intensification groups, a 
defined circular eye did not exist during onset of intensification (Figure 3.14a and 3.15a). 
Values of LHF throughout the domain for I10 were also lower than any other 24-hour 
intensification period. The only time an eyewall-like feature presented during the I10 
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intensification was in the final 6 hours of intensification resulting in a defined eyewall at 
the conclusion of the intensification period (Figure 3.14e). 
 
Figure 3.14 Surface latent heat flux for 10kt intensification in the Eastern North Pacific 
basin 
Same as 3.5, but for the Eastern North Pacific basin. 
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The LHF pattern for I15 (Figure 3.15) was stronger than the pattern presented by 
I10 but weaker than the RI pattern throughout the intensification period. The appearance 
of a clear circular eye does not occur until 18 hours after initiation of intensification 
(Figure 3.15d). Areas of high LHF are present during the first 6 hours of intensification 
(Figure 3.15 a-b) but decrease as the intensification period approached its end.  Latent 
heat flux patterns for I20 (Figure 3.16) were most like the RI period first analyzed. An 
area of LHF surrounds an eye during the entirety of the intensification process, which is a 
good indicator of increased convection and intensification. Areas of high LHF are located 
to the northeast of the eye, though they do appear to dissipate near the end of the 
intensification period (Figure 3.16e). The pattern for I20 appears to be much more 
axisymmetric than the two other non-RI datasets and similar to the observed pattern in 
the RI case, this may be due in part to similarities between the intensification rates of I20 





Figure 3.15 Surface latent heat flux for 15kt intensification in the Eastern North Pacific 
basin 




Figure 3.16 Surface latent heat flux for 20kt intensifications in the Eastern North 
Pacific basin 
Same as 3.16 and 3.17, but for 20kt intensification. 
 
 The overall intensity of LHF between the RI and non-RI cases is what should be 
expected with LHF in an intensifying cyclone. The greatest intensification rates, those of 
the RI group (Figure 3.13), presented the most axisymmetric pattern with strongest LHF 
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values. Of the non-RI cases, the 20-kt (Figure 3.16) intensification group presented the 
best pattern, while the 10-kt (Figure 3.14) intensification group produced the weakest 
pattern which makes physical sense.   
 
Figure 3.17 Locations of the best LHF storms at initiation of intensification in the 
Eastern North Pacific 
Same as 3.8, but for the Eastern North Pacific 
 
Figure 3.18 Locations of the best LHF storms 12 hours into intensification 
Same as 3.17, but 12 hours into intensification 
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As with the North Atlantic intensification portion of the study, geographic 
location of the eastern North Pacific TCs which contributed to the LHF pattern at each 
time period have been plotted every 12 hours to determine if any geographical patterns 
due to LHF may exist. The location of storms in the eastern North Pacific for each 
intensification group are visually similar to each other. At the onset of intensification 
(Figure 3.17), storms are grouped off the western coast of Mexico south of 20°N with a 
few storms extending westward toward 140°W. This pattern holds throughout the 
intensification period for all datasets. When comparing intensities between the datasets at 
each times-step it becomes apparent why the I10 dataset showed weaker LHF values 
throughout the study period. Many of the storms in the I10 dataset began the 
intensification period below hurricane strength (Figure 3.17b), while the groups with 
stronger LHF patterns possessed more storms that began the intensification period at or 
above category 1 strength. By the conclusion of the RI period (Figure 3.19) all 
intensification groups other than I10 have shown a marked increase in the number of 
storms at or above category 1. Once again this makes sense when compared to the LHF 
patterns for each intensification group. Only the I10 group showed little change in LHF 
throughout the period of study.  
 The location of the storms makes sense when compared to climatological tracks 
and ocean characteristics for the eastern North Pacific basin (Figure 3.1). A sharp north-
south SST gradient exists near 20°N off the western coast of Mexico. Because available 
latent heat is related to SST and positive surface latent heat flux is associated with 
intensification, a sharp SST gradient would be a detriment to possible intensification by 




Figure 3.19 Locations of the best LHF storms at the resolution of intensification 
Same as 3.18, but at the resolution of intensification. 
3.3 Near Surface Salinity during Intensification 
Near surface salinity was analyzed for both basins of interest in the same manner 
as LHF, including the application of the North test to assess statistical significance. Two 
EOFs were statistically significant for NSS in RI TCs, but over 80% of the variance 
explained belongs to the 1st EOF (Figure 3.20). Due to large amount of variance 





Figure 3.20 Near surface salinity for rapidly intensifying TCs in the North Atlantic 
basin 
North test results for salinity showing statistically significant EOFs for the North Atlantic 
basin, as well as their variance explained. 
The NSS pattern associated with the most dominant EOF shows a small north-
south gradient throughout the period of intensification (Figure 3.21) with higher salinity 




Figure 3.21 Near surface salinity for rapidly intensifying TC in the North Atlantic basin 
Combined EOF anomaly and composite for near surface salinity (5m) in the North 
Atlantic basin. Plots were taken every 6 hours from the initiation of RI (a) until its 
resolution (e). 
When compared to the climatological NSS values (Figure 3.1a), the salinity 
values during the RI period are comparable to average September NSS values between 
the Caribbean Sea and the west coast of Africa.  For non-RI cases, two EOFs are 
statistically significant, though once again over 80% of the variance explained is 
contained within the first EOF (Figure 3.22).  As with the RI cases, only the first NSS 




Figure 3.22 North test of near surface salinity for non-RI storms in the North Atlantic 
basin 
Same as 3.24, but for Non-RI storms. 
 
Like the RI NSS pattern, the non-RI cases feature a slight north-south gradient 
throughout the intensification period. The NSS pattern for I10 (Figure 3.23) shows a 
similar makeup and evolution when compared to the RI pattern (Figure 3.21) including a 
propagation of higher NSS values southward over time. It should be noted that these 
gradients are very weak, on the order of 0.3 g/kg of salt over a 1000-km domain, but 
slight salinity changes have been shown to have effects on the intensification of TCs 




Figure 3.23 Near Surface Salinity in the North Atlantic basin for 10kt intensification 
Near surface (5m) salinity in the North Atlantic basin for storms that intensified by 10k in 
24 hours.  
However, it is insufficient to look at only the NSS values themselves. Fresher 
waters have higher vapor pressure and therefore evaporate more readily than saline 
waters of the same temperature. This means more energy is available to a TC in fresher 
water when compared to more saline water at the same temperature. Therefore, a salinity 
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pattern with a sharp gradient would not provide as much energy when compared to 
predominantly fresher waters. Over the course of the intensification period each all non-
RI intensification rates moved into areas with a sharper salinity gradient. This could be a 
physical reason as to why none of these periods resulted in RI. 
 
Figure 3.24 Near surface salinity for 15kt intensification in the North Atlantic basin 
Same as 3.27, but for 15kt intensification. 
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The NSS pattern for both I10 (Figure 3.23) and I15 (Figure 3.24) show a north-
south NSS gradient where fresher waters inhabit the majority of the southern half of the 
domain, and in the case of I15 (Figure 3.24) almost the entirety of the domain contains 
lower salinity values. Only at the conclusion of the intensification period does the 
gradient begin to shift south (Figure 3.24e). When comparing I20 (Figure 3.25) to the 
other intensification groups, the salinity gradient is shifted much farther south, with much 
more saline waters (Figures 3.21, 3.23, 3.24).  
 
Figure 3.25 Near surface salinity for 20kt intensification in the North Atlantic basin 
Same as Figure 3.28 and 3.27, but for 20kt intensification. 
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 The location of storms identified by the NSS EOF was a source of great interest 
for this study due to the possibility of intensifying storms being located near or within the 
Amazon-Orinoco plume. The results of the analysis confirm that the location of storms 
represented by the dominant NSS EOF pattern fall within areas known to be associated 
with the Amazon Orinoco river plume. Storms for every intensification dataset at every 
time were located in a swath of water running zonally between northern South America 
and western Africa between 10°N and 20°N (Figures 3.26-3.28). This region showcases a 
north-south NSS gradient (Figure 3.1a) with relatively fresh waters associated with the 
Amazon-Orinoco plume which aids in intensification (Ffield 2007).  
 
Figure 3.26 Location of storms that were the highest contributors to the salinity EOF in 
the North Atlantic basin at the initialization of its intensification 
Storm Locations for RI (a), 10kt (b), 15kt (c), and 20kt (d) intensifications. The color of 





Figure 3.27 Locations of the highest contributing storms to the salinity EOF in the 
North Atlantic basin 12 hours after intensification 
Same as Figure 3.30 and 3.31, but for 12 hours into intensification 
 
Storm intensities during the intensification periods were relatively weak with very 
few storms beginning RI with category 1 wind speeds (Figure 3.26). Storms that rapidly 
intensified between South America and the west coast of Africa ended intensification 
period as weak hurricanes (Figure 3.28), while few non-RI storms made it to hurricane 




Figure 3.28 Locations of the highest contributing storms to the salinity EOF in the 
North Atlantic basin at the conclusion of the intensification period 
Same as Figures 3.30-3.33, but at the conclusion of the intensification period. 
 
Figure 3.29 North test to determine statistical significance of EOFs for salinity in the 
Eastern North Pacific basin. 




Salinity in the eastern North Pacific was also analyzed with a North test providing 
a single significant EOF (Figure 3.29). The significant EOF provided over 80% of the 
variance explained in the dataset with the rest being almost evenly distributed between 
the other EOFs. This pattern of a single EOF explaining 80% of the variance exists for 
both basins of study and for every salinity dataset used. This implies a single dominant 
NSS pattern exists in areas where intensification occurs. 
 
Figure 3.30 Near surface salinity for rapidly intensifying TCs in the Eastern North 
Pacific basin 
Combined EOF anomaly and composite for near surface salinity (5m) in the Eastern 




 The eastern North Pacific basin is less saline than the North Atlantic (Figure 3.1) 
so it would be expected that saline values for the intensification groups examined in this 
study to be lower than their Atlantic counterparts. It is mentioned previously that it is 
important to look not only at the NSS values, but to look at the salinity gradient and how 
it evolves over the course of the period of study. At the beginning of RI, the NSS pattern 
(Figure 3.30a) showed waters beneath the TCs were more saline than waters at the edge 
of the domain though the NSS gradient was weak. Halfway through the intensification 
period (Figure 3.30c), fresher waters appear in the western and northern reaches of the 
domain. By the end of the RI period, fresher waters have begun to overtake the more 
saline waters that were present at the beginning of intensification. 
 
Figure 3.31 North test for salinity during the intensification of non-RI storms in Eastern 
North Pacific basin 
Same as Figure 3.35, but for 10kt (a), 15kt (b), and 20kt (c) intensification periods 
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In the eastern North Pacific, each non-RI group contained one significant EOF as 
determined by the North test, with each EOF determining above roughly 80% of the 
variance explained in the dataset.  
 
Figure 3.32 Near surface salinity for storms with a 10kt 24-hour intensification period 
Same as Figure 3.30, but for 10kt intensification.  
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 The NSS pattern represented by the non-RI EOFs contrasts what is seen in the RI 
EOF. At the initiation of intensification for each dataset (Figure 3.32a, 3.33a, and 3.34a), 
relatively fresh waters existed underneath the storm with even fresher waters located at 
the edges of the domain. After 12 hours of intensification, the salinity patterns for I10 and 
I15 show a marked increase in salinity when compared to the previous 12 hours (Figure 
3.32c and 3.33c). By the end of the intensification period, the fresher water had been 
displaced by more saline water and relegated to the most northwest portion of the domain 
(Figure 3.32e and Figure 3.33e).  
 
Figure 3.33 Near surface salinity for storms with a 15kt 24-hour intensification period 




Figure 3.34 Near surface salinity for storms with a 20kt 24-hour intensification period 
Same as Figures 3.32 and 3.33, but for 20kt intensification. 
The 20-kt intensification group’s pattern (Figure 3.34) was less pronounced than 
the other two non-RI cases with less intrusion by more saline waters throughout the 
intensification period. The salinity values of the I20 pattern showed similarities to those 
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of the RI cases, though values in the eastern portion of the domain at the end of the 
intensification period for I20 (Figure 3.34e) are greater than their RI counterparts.  
 Lower salinity values should allow more intensification, and the results of this 
portion of the study seem to agree with that statement. Both RI groups (Figure 3.25 and 
3.30) had patterns with lower salinity values than their non-RI counterparts. In regards to 
the above statement being valid for the non-RI cases the answer is unclear. In the North 
Atlantic, a sharp salinity gradient existed during the intensification period for the 
strongest non-RI group, while the salinity distribution for the 20-kt intensification group 
was similar to the corresponding RI group.  
 
Figure 3.35 Locations of the highest contributing storms to the salinity EOF in the 
Eastern North Pacific basin at the initialization of the intensification period 
Locations of intensification cases for NSS for RI (a), 10kt (b), 15kt (c) and 20kt (d) 




The locations for all intensification cases were very similar and thus interesting. 
Each EOF pattern contained storms located in the same area off the coast of western 
Mexico (Figure 3.35, Figure 3.36, and Figure 3.37). The location of the storms associated 
with the NSS EOF remained unchanged throughout the intensification period for all 
intensification groups?. This region proves to be interesting because of how well 
clustered both RI and non-RI cases are. Only at the end of the intensification period do a 
few storms appear to the west of the main group, and these storms appear only in the non-
RI groups. 
 
Figure 3.36 Locations of the highest contributing storms to the salinity EOF in the 
Eastern North Pacific basin 12 hours into the intensification period 
Same as 3.35, but for 12 hours into the intensification periods 
 
 
The similarities are most likely due to a combination of high SSTs and fresher 
waters associated with this area (Figure 3.1a,b).  It makes sense that an area with fresher, 
warmer water would be more conducive to intensification and even rapid intensification. 
As previously mentioned, fresh waters evaporate more readily than saline waters due to 
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fresher water having a higher vapor pressure than more saline water at the same 
temperature. Higher SSTs provide more energy through latent heat flux than lower SSTs, 
therefore an area of high SSTs with low salinity values near the surface provide an area 
that has been shown to be conducive to TC intensification, but may be important for RI 
as well. 
 
Figure 3.37 Locations of the highest contributing storms to the salinity EOF in the 
Eastern North Pacific basin at the conclusion of the intensification period 
Same as 3.35, but for the end of the intensification period 
 
3.4 Sea Surface Temperatures and Rapid Intensification 
Sea surface temperatures are known to be an important ingredient for RI. This 
section will discuss the SST distribution f the RI cases presented in this study. Sea 
surface temperatures were composited by taking the mean of SSTs for the RI cases 
corresponding to the PCs presented in Sections 3.2 and 3.3 so that an understanding of 
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how conducive the SSTs were to RI, and if LHF or NSS played an important role in the 
RI process. Sea surface temperatures (Figure 3.38) associated with the LHF PCs of EOF1 
in the North Atlantic basin (Figure 3.3) were similar to the climatological September 
average for SSTs in the area northeast of Hispaniola (Figure 3.1).  
 
Figure 3.38 Composite sea surface temperatures for storms contributing to the Latent 
Heat EOF pattern from the North Atlantic basin 
Composites of SSTs acquired by taking the mean of the SST of the PCs contributing the 
most to the LHF pattern in the North Atlantic basin 
 
 Sea surface temperatures (Figure 3.38) associated with the LHF pattern in the 
North Atlantic basin remained high and fairly constant throughout the RI period with 
increasing SSTs appearing in the southwestern extremes of the domain and SSTs 
decreasing to the northeast by the end of the 24-hour period. The appearance of lower 
SSTs to the northeast may be attributed to the distribution of storms at the conclusion of 
RI (Figure 3.10a). Though many the storms that contributed to the LHF pattern were 
located northeast of Hispaniola, by RI24 storms were present east of central Florida and 
the Carolinas and were most likely over lower SSTs.  
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 Sea surface temperatures during the RI period for LHF in the eastern North 
Pacific (Figure 3.39) were conducive to intensification throughout the RI period. The 
northwest quarter of the domain initially contained the highest SSTs with values 
approaching 30°C. Temperatures above 28°C existed in the center of the domain for the 
entirety of the RI period. The only major change in SSTs was the encroachment of SSTs 
below 28°C into the northwest edge of the domain by the end of the RI period. 
 
Figure 3.39 SSTs associated with latent heat flux RI cases in the eastern North Pacific 
basin 
Same as 3.38 but for the Eastern North Pacific 
 
 The lower SSTs in the eastern North Pacific are most likely a result of storms 
moving slightly northwest, where a steep temperature gradient exists throughout the basin 
(Figure 3.1b), while the lack of change in the southern and central parts of the domain is 
most likely due to the mostly zonal distribution of storms. Temperature characteristics in 
the eastern North Pacific basin remain homogenous zonally but vary as the distance from 




Figure 3.40 Sea surface temperature composite for storms contributing to the near 
surface salinity EOF pattern from the North Atlantic basin 
Composites of SSTs acquired by taking the mean of the SST of the PCs contributing the 
most to the NSS pattern in the North Atlantic basin 
 
Sea surface temperatures associated with the first NSS EOF (Figure 3.40) were 
relatively low compared to the LHF cases. All the storms in the group underwent RI, but 
the SST composite for NSS shows that temperatures associated with these storms were 
relatively low, though still warm enough for intensification. This suggests that fresher 
water underneath a storm may allow for more evaporation even if the SSTs are not 
incredibly high. It could be surmised that fresher water allows for SSTs that at first do not 
appear conducive to RI to to produce storms that not only intensify at regular rate, but 




Figure 3.41 Sea surface temperature composite for storms contributing to the near 
surface salinity EOF pattern from the North Atlantic basin 
Same as 3.40 but for the eastern North Pacific 
The SST pattern for the eastern North Pacific NSS EOF1 (Figure 3.41) could not 
be more different than its Atlantic counterpart. The composite SSTs show a pocket of 
warm SSTs. Because of the relationship between LHF and SSTs the SSTs shown in 
figure 3.41 may be considered conducive for not only intensification but RI as well. By 
the end of the RI period, the warm SST pocket appears smaller with lower SST values 





The goal of this study was to determine if LHF and NSS have a role in RI, and if 
any patterns exist that may explain what that role is. Analysis of both fields showed that 
TCs intensify when conducive patterns of LHF and NSS are present, and these TCs tend 
to group in particular areas of each basin. In the North Atlantic, storms that exhibit strong 
LHF (Figure 3.8) grouped to the northeast of Hispaniola during the 24-hour 
intensification period. Cases corresponding to a salinity pattern with a gradient and 
fresher water to the south grouped between South America, where the outflow of the 
Amazon and Orinoco rivers produce a plume of fresh water, and western Africa. In the 
eastern North Pacific, TCs grouped off the southwestern coast of Mexico for both LHF 
and NSS, with most remaining in that area throughout the intensification period.  
Sea surface temperatures for storms undergoing RI was also analyzed to see 
determine if SST was a possible contributing factor to storms undergoing RI in these 
locations. For three of the four combinations of basin and field, LHF in both the North 
Atlantic and eastern North Pacific, and salinity in the eastern North Pacific, SSTs were 
high enough to conclude that they may have major role in storms undergoing RI in those 
locations. In the North Atlantic, SSTs associated with NSS were substantially lower than 
in the other basin-field combinations. This discovery combined with the knowledge of 
both the Amazon-Orinoco river plume and the increased evaporation rate of fresher 
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waters support that NSS may have a role in RI. The results for determining grouping of 
storms were subjective in nature and may not be significantly different. Determining 
significance in grouping is a future goal of the author. 
This study shows that it may be important to increase in situ ocean observation 
networks in areas that may be conducive to RI. As stated in Chapter 1, current buoy 
networks are mainly located near coastlines to aid in forecasting events that may have a 
more immediate effect on the population. However, by increasing both spatial and 
temporal coverage inside a storm increases in the accuracy of forecasting should occur. 
By placing in-situ observation in areas where intensification is common, the likelihood of 
observations underneath a TC increase which will in turn increase spatial and temporal 
coverage. By knowing common areas where storms may undergo RI, steps could be 
taken operationally to help improve forecasting. 
Future work will determine if these groups are statistically different from each 
other, as well as other storms in the basin, to show that distinct “RI incubation areas” 
exist in each basin. Though it is not yet possible to confirm that areas where RI happens 
more frequently exist, this study was just the first step to determine the importance the 
ocean plays in RI and if any areas more common to RI exist.  
By identifying possible groups of storms that share common characteristics, such 
as geographic location and NSS patterns, it may be possible to create methods to enhance 
forecasting. A final goal of the author is to use a better understanding of LHF and NSS 
patterns, as well as possible spatial groupings to develop methods of modelling TCs.  The 
initial tests for this research have already begun by running parameter sensitivity tests on 
a TC undergoing RI and altering how the model handles SSTs. Possible future research is 
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to find parameters that can be used with similar storms, and incorporate that into running 
the Advanced Research WRF model with a coupled ocean model that can handle both 
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